The solvation of small non-polar particles in water behaves strongly anomalous: their solubility increases strongly with decreasing temperature. This feature has been related to the tendency of water to maintain its hydrogen bond network and has been coined "hydrophobic effect". Extensive reviews have appeared 1-3 , focusing on different aspects of this subject. The hydrophobic effect is important for the biophysics of cells, as it is supposed to be the dominant driving force in the initial steps of protein folding 4 . Moreover, it is responsible for the structural organization of amphiphilic aggregates, such as micelles, lyotropic mesophases and lipid membranes.
Introduction
The solvation of small non-polar particles in water behaves strongly anomalous: their solubility increases strongly with decreasing temperature. This feature has been related to the tendency of water to maintain its hydrogen bond network and has been coined "hydrophobic effect". Extensive reviews have appeared [1] [2] [3] , focusing on different aspects of this subject. The hydrophobic effect is important for the biophysics of cells, as it is supposed to be the dominant driving force in the initial steps of protein folding 4 . Moreover, it is responsible for the structural organization of amphiphilic aggregates, such as micelles, lyotropic mesophases and lipid membranes.
The "hydrophobic effect" is manifested thermodynamically by a low solubility (large positive solvation free energy) of nonpolar molecules in water. Quite surprisingly, the low solubility of small sized apolar particles is not a due to a particularly weak interaction with their surrounding environment 1 . The heat of solvation of methane in water at ambient temperature has roughly the same magnitude as the heat of vaporization of pure liquid methane 5 . Instead, the positive solvation free energy of small apolar particles is the consequence of a negative solvation entropy, which overcompensates the solvation enthalpy of the same sign. This "entropy penalty" has been related to the orientational ordering of the hydration shell water molecules, which are supposed to maintain their hydrogen bond network 1 . In parallel to the entropy decrease at low temperatures, theoretical and experimental studies have reported a slowing down of the translational and reorientational dynamics of water in the hydration shell of apolar molecules [6] [7] [8] [9] . An important thermodynamic signature of hydrophobic hydration is the large positive solvation heat capacity. The solvation heat capacity is attributed to the temperature-induced changing mutual interactions between the solvent molecules in the hydration shell 10 . It is considered to be caused by the progressing disintegration of the hydrogen bond network around the solute with increasing temperature 1; 10 . Since the solvation of small apolar moieties is accompanied by an entropy decrease of the solvent, the formation of contact pairs of apolar particles is a way to reduce this "entropy penalty". The tendency to form apolar contact pairs in solution is termed "hydrophobic interaction" and essentially determined by the solvent. Since the association of small apolar particles is entropically favorable, a temperature increase is leading to more stable apolar contacts. Hence the "hydrophobic interaction" is a classical example of an "entropic force".
Contrasting the behavior of small apolar solutes, water behaves differently at an extended (planar) interface. Here the thermodynamical features are mostly governed by water's interfacial tension, being essentially enthalpic in nature (weakening with increasing temperature). As a consequence, at some length-scale a "crossover" occurs 11;12 from an entropy to an enthalpy dominated solvation behavior. In addition, at small lengthscales the solvation free energy is proportional to the particle volume, whereas at large lengthscales it scales with the surface area. Recent computer simulation studies indicate that this transition appears at a length-scale significantly below 1 nm 13;14 . The thermodynamic signatures of small apolar particle hydration have been modeled by simple two state models [16] [17] [18] [19] solely focusing on water's hydrogen bonding as supposedly dominating effect. Stronger hydrogen bonds between water molecules close to an apolar particle are counter-balanced by fewer possible binding partners. Silverstein et al. 19 were able to consistently relate experimental spectroscopy data, describing water's hydrogen bond equilibrium, with hydrophobic solvation calorimetric data. Their model calculations suggests that at lower temperatures the hydrogen bonds are more intact than in the bulk, whereas at high temperatures hydrogen bonds are more broken. The model moderately readopts the idea of Franks and Evans expressed in their so called "iceberg" model 20 .
Here hydrophobic particles where thought to be stabilizing ice-like water configurations. However, as the entropy change experienced by a water molecule in a hydrophobic hydration shell, is about a factor of five smaller compared to the ice-crystal 1 , the "iceberg" model has been considered to be strongly exaggerating the ordering found in a hydrophobic hydration shell 1 . In addition, twostate models seem to fail in reliably predicting absolute solvation free energies 1 . This has been recognized as being due to the fact that altering hydrogen bonding is not providing sufficient information to also determine the entropic "free volume contribution" 21;22 , also named "cavitation free energy". Realistic atomic detail computer models for water have been proposed already more Figure 20 .1: Water molecules forming a hydrophobic hydration shell around a Lennard-Jones particle of the size of a methane molecule. The snapshot was taken from an molecular dynamics simulation at 1 bar and 280 K. The molecules are trying to maintain an intact hydrogen bond network. However, the picture also reveals a significant amount of disorder in terms of transiently broken hydrogen bonds. A movie of the hydration shell dynamics of a closely related system of 5 ps duration is available on youtube 15 .
than 30 years ago 23 . However, even relatively simple effective water model potentials based on point charges and Lennard-Jones interactions are computationally expensive. Hence, a significant progress with respect to accurately describing water's thermodynamical, structural and dynamical anomalous features has been achieved only quite recently [24] [25] [26] . Earlier studies, however, have shown that the water models were essentially able to capture the effects of hydrophobic hydration and interaction on a qualitative level 6;7;27 . Recent simulations suggest that the solvation entropy of hydrophobic molecules is tightly related to the water models ability to account for water's thermodynamic anomalous behavior [28] [29] [30] [31] . Simplifying concepts, such as the hydrogen-bond two-state models, strongly rely on the assumption that hydrophobic hydration is essentially determined by hydrogen bonding effects. The benefit of realistic atomic detail models, predicting sufficiently accurate solvation properties without any further fitting, might provide the opportunity to investigate to what extent these assumptions are justified. This is the scope of this chapter.
Methods

Molecular Dynamics Simulations
We present molecular dynamics simulations of liquid water using system sizes of 1000 TIP4P-Ew model water molecules 26 . The electrostatic interactions are treated in the "full potential" approach by the smooth particle mesh Ewald summation 32 with a real space cutoff of 0.9 nm and a mesh spacing of approximately 0.12 nm and 4th order interpolation. The Ewald convergence factor α was set to 3.38 nm −1 (corresponding to a relative accuracy of the Ewald sum of 10 −5 ). A 2.0 fs timestep was used for all simulations and the geometric constraints were solved using the SETTLE procedure 33 . All simulations were carried out by the GROMACS 3.2 simulation program 34 . The simulations were performed under isobaric/isothermal conditions for a pressure of 1 bar using a Nosé-Hoover 35 ;36 thermostat and a Rahman-Parrinello barostat 37;38 with coupling times of τ T = 1.0 ps, and τ P = 2.0 ps (assuming the isothermal compressibility to be χ T = 4.5 10 −5 bar −1 ). All properties were studied for 13 temperatures ranging from 250 to 370 K with a temperature interval of 10 K. In addition, for the same statepoints we have also performed simulations of systems additionally containing 1 methane molecule. Here methane is treated as a single Lennard-Jones particle, employing the parameters of Hirschfelder et al. 39 with σ = 3.730 nm and ǫ/k = 147.5 K. The methane water cross parameters were obtained from Lorentz-Berthelot mixing rules. In all cases at least 2.4 × 10 3 configurations were stored for analysis.
Infinite Dilution Properties
The solubility of a gaseous solute is measured by the Ostwald coefficient For our study the excess chemical potential of apolar solutes in the gas phase can be practically considered to be zero. The chemical potential of a solute can be obtained from a constant pressure simulation (NPT-Ensemble) of the pure solvent using the particle distribution theorem 40;41 according to
where
is the potential energy of a randomly inserted solute (N + 1)-particle into a configuration containing N solvent molecules. The
being the length of a hypothetical cubic box) are the scaled coordinates of the particle positions and s N +1 denotes an integration over the whole space. The brackets . . . indicate isothermal-isobaric averaging over the configuration space of the N -particle system (the solvent). Λ represents the thermal wavelength of the solute particle. The first term µ l id,B is the ideal gas contribution of the solute chemical potential at an average solute number density ρ l B = 1/ V at the statepoint (T, P ). The entropic and enthalpic contributions to the excess chemical potential can are obtained as temperature derivative according to
and 20.4) and the isobaric heat capacity contribution according to
As an alternative to the Ostwald coefficient, the solubility of gases is expressed in terms of Henry's constant k H . The relationship between Henry's constant and the solubility parameter γ l B in the liquid phase is given by
where ρ l A is the number density of the solvent. We use this relation in order to compare the experimental with the simulation data. The thermodynamic solvation properties discussed in this paper belong to the so called number density scale. In the experimental literature [43] [44] [45] [46] , however, the properties are often discussed on the mole fraction scale with the solvation free energy being
where Henry's constant k H is expressed in bars 42;47 . Care must be taken to which scale the discussed properties belong, since properties determined for the mole fraction scale contain additional terms depending on the thermal expansivity of the liquid [47] [48] [49] . In order to perform the calculation efficiently, we have made use of the excluded volume map (EVM) technique 50;51 by mapping the occupied volume onto a grid of approximately 0.2Å mesh-width. Distances smaller than 0.7×σ ij with respect to any solute molecule (oxygen site) were neglected and and the term exp(−β ∆U ) taken to be zero. With this setup the systematic error was estimated to be less than 0.02 kJ mol −1 . This simple scheme improves the efficiency of the sampling by almost two orders of magnitude. For the calculation of the Lennard-Jones insertion energies ∆U we have used cut-off distances of 9Å in combination with a proper cut-off correction. Each configuration has been probed by 10 3 successful insertions (i.e. insertions into the free volume contributing non-vanishing Boltzmann-factors).
In addition, we discuss the effect of having a polarizable methane solute. Therefore we add a polarization term to the insertion energy according to
with
where α = 2.60Å 3 is the methane polarizability and F is the electric field created by all water molecules at the position where the particle is inserted. F is evaluated using the classical Ewald summation technique with a Ewald convergence factor of 2.98 nm
(corresponding to a relative accuracy of the Ewald sum of ≈ 10 −4 ) in combination with a real space cut-off of 9Å and a reciprocal lattice cut-off of | k max | 2 = 25.
"Computational Calorimetry"
In order to provide a spatial resolution of the water contribution to the solvation excess heat capacity, we calculate the individual potential energies of the water and solute molecules. This is done by a reaction field method based on the minimum image convention in combination with a minimum image "cubic" cutoff. This approach has been originally proposed by Neumann 52 and was discussed by Roberts and Schnitker 53;54 . The reaction field approach in general is well suited for our purposes since it allows to cleanly dissect the potential energy contributions according to individual molecules. For convenience we partition the potential energies in contributions assigned to individual molecules with
where E i is the potential energy assigned to molecule i, M is the total number of molecules. The molecule-molecule pair energy
is then obtained as sum over discrete interaction sites α and β, with r iαjβ = | r jβ − r iα | based on the molecule/molecule center of mass minimum image separation. We employ long range corrections E i,corr. = E el i,corr. +E LJ i,corr. accounting for electrostatic, as well as Lennard Jones interactions. The electrostatic correction
is a reaction field term, corresponding to the cubic cutoff, assuming an infinitely large dielectric dielectric constant. Here d i = α q iα r iα is the dipole moment of molecule i, D = i d i is the total dipole moment of all molecules in the simulation cell and V is the instantaneous volume of the simulation box. E el i,corr. has also been considered as the extrinsic potential and has been shown to provide configurational energies quite close to the values obtained by Ewald summation (with tin-foil boundary conditions) 53 .
In order to be consistent with the applied cubic cutoff procedure for the electrostatic interactions, we also use a Lennard-Jones correction term for the cubic cutoff
with b = V 1/3 /2 denoting the half box length. κ 6 ≈ 2.5093827 and κ 12 ≈ 0.4106497 are analytically integrated factors accounting for the cubic cutoff geometry 10 . In addition to the procedure outlined section 20.2.2, we can as well directly use the individual energies to calculate the the solvation enthalpies and heat capacities according to
where E solute is the average potential energy of the solute molecule, E shell is the average potential energy of the water molecules in a sufficiently large solvation sphere of volume V shell (here we use a radius of 1.0 nm) around the solute molecule, whereas E bulk is the energy of the water molecules outside this sphere. n shell and n bulk represent the number of water molecules in the solvation sphere and the bulk. The total volume and total number of water molecules are accordingly V = V shell + V bulk and n = n shell + n bulk . From the temperature dependence of h ex we can obtain the corresponding heat capacities straightforwardly. We would like to point out that for a pressure P = 0.1 MPa as used in the present study the volume term in Eq. 20.14 can be practically neglected.
Hydrophobic Interaction
The "hydrophobic interaction" is characterized by the potential of mean force (or profile of free energy) for separating two methane particles in aqueous solution. It is therefore related to the solvent mediated interaction between the methane particles. We calculate the profile of free energy w(r) for the association process directly from the potential distribution theorem 40 according to
Here Φ( r i ) is the energy of randomly inserting a virtual methane gas particle into a simulation of a methane water-solution already containing one real methane particle. r ref represents the position of the real reference particle in the simulation. µ ex is the excess chemical potential of methane in the aqueous solution, which has been calculated independently before. The "solvent mediated interaction" c(r) = w(r) − v(r) is given as the profile of free energy for the association of two methane molecules, subtracting the methane-methane intermolecular potential v(r). w(r) is related to the gas-gas pair distribution function g(r) according to −kT ln g(r) = w(r). As c(r) essentially determined by the molecules forming a solvation cage around the pair of methane particles, it has been referred to a "cavity potential" 55 . w(r) is calculated from configurations of the methane/water simulation. An excluded volume map is used mapping the occupied volume onto a grid of approximately 0.2Å mesh-width. Here distances smaller than 0.75 × σ ij with respect to any solute molecule (oxygen site) were neglected and and the term exp(−β ∆U ) taken to be zero. 8 × 10
3 successful (nonzero) insertions are sampled per configuration and a total of 2.4 × 10 4 configurations are analyzed per state point.
We use temperature derivatives of quadratic fits of w(r, T ) to calculate the enthalpic and entropic contributions to at each methane-methane separation r. For the fits all thirteen temperatures were taken into account. The entropy and enthalpy contributions are then obtained as 20.16) and
In addition, the corresponding heat capacity change relative to the bulk liquid is available according to
Discussion
Solvation of Methane and the Expansivity of Water
The solvation entropy of a small size particle is to a large extent determined by the available free volume. For a hard-sphere solute it is in fact the only contribution 2; [56] [57] [58] to the solvation free energy. Hence it is quite obvious that the thermophysical properties, notably density and thermal expansivity, play an important role for the ability to predict the solvation free energy of small apolar particles. A comparison of various water models revealed that the temperature derivatives of the solvation free energy respond strongly to the varying thermal expansivities observed for the different water models 30;59 . Here we present thermal expansivity data for the TIP4P-Ew model 26 , calculated from MD simulations. The MD data, as well as the experimental data according to Kell 60 are shown in Figure 20 .1. Most prominent is the difference of the location of the density maximum. The TIP4P-Ew model was actually parameterized to achieve a density maximum close the experimental value 26 . Although this feature has been significantly improved compared to the original TIP4P-model 24;61 , the temperature of maximum density T md = 271 K is still about 6 K below the experimental value of T md = 277 K. The expansivity α P = 1/V [∂V /∂T ] P for water and for the TIP4P-Ew model are shown in Figure 20 .1b. The data suggest that the low-pressure part of the P V T -surface of TIP4P-Ew is shifted as a whole by about 6 − 8 K towards lower temperatures.
From computer simulations of water, Hummer et al. have derived an information theory (IT) model for hydrophobic hydration 58 , proposing simple analytic expressions for the solvation free energy of small apolar particles as a function of temperature and density. The leading term in the IT model strongly suggests a quadratic relation between the excess chemical potential and the solvent number density ρ ′ according to
2 n 58 , where v denotes the volume of a hydrophobic hard sphere particle, while σ 2 n = n 2 − n 2 indicates the variance of the number of water molecules in a sphere of volume v. We have recently shown that these results are in line with the effect of pressure and temperature on the solubility of small apolar particles in TIP5P-E model water over broad temperature and pressure ranges 31 . In addition, we could show that this simple relation also describes the behavior of the solvation of methane in aqueous salt solutions quite well 62 . Figure 20 .2c indicates that the same scaling relation apparently describes the solvation free energy of methane in both water and TIP4P-Ew water quite successfully, when either experimental densities or TIP4P-Ew densities are employed. The observed shift of the experimental chemical potentials by about 1 kJ mol −1 to lower values is described here by a lower "offset" parameter b for the IT-model.
Temperature Dependence of the Solvation of Methane. Effect of a Polarizable Solute
The excess chemical potentials of methane µ ex as a function of temperature are given in Figure 20 Kell 60 . In addition, we also provide the solvation data published by Ben-Naim and Yaacobi. Those data were derived from the fitted Ostwald coefficients γ = exp [−µ ex /kT ] reported by Ben-Naim and Yaacobi 65 . The excess chemical potential of methane in TIP4P-Ew water at 300 K of 9.48 kJ mol −1 is similar to the value reported by Krouskop et al. 59 and Holzmann et al. 62 , and reasonably close to the simulated values of 9.79 kJ mol −1 and 9.78 kJ mol −1 obtained by Shimizu and Chan, as well as Paschek 10;28;30 for the original TIP4P model at 300 K and 1 atm. The differences with respect to the latter have to be attributed to the changes in the water model. However, the value is at least about 1 kJ mol −1 larger than the experimental value of 8.4 kJ mol −1 65 . Dyer et al. have recently shown that this difference can be significantly reduced when the solute polarizability is explicitly considered 66 . It has been argued that polarizability would enhance the interaction with the solvent 30 and would thus strengthen the enthalpic part. Figure 20 .3 reveals that the temperature dependence of the simulated excess chemical potentials, as well as the derived enthalpic and entropic contributions behave qualitatively similar to the experimental data 65 . The excess chemical potentials of methane in water is positive and increases with temperature, being consistent with a dominating negative entropy of hydrophobic solvation. However, both the solvation enthalpy h ex and the contribution from the solvation entropy T s ex are found to be less negative than the corresponding experimental values. For pure water at 298 K we obtain h ex = −7.7 kJ mol −1 (Expt.: h ex = −10.9 kJ mol −1 ) and for the entropy we get T s ex = −17.2 kJ mol −1 (Expt.: h ex = −19.3 kJ mol −1 ). Note that the larger µ ex of 9.5 kJ mol −1 (Expt.: µ ex = 8.4 kJ mol −1 ) is a consequence of a possibly overemphasized entropy effect and underestimation of the solvation enthalpy.
The systematic underestimation of the solvation enthalpy seems to be in line with the polarizability arguments raised by Dyer et al. 66 . As shown in Figure 20 .3b, the solute polarizability indeed lowers the excess chemical potential at 300 K to 8.35 kJ mol −1 , leading to a quantitative agreement with experimental data at this particular temperature. However, as indicated in Figure 20 .3c, the apparently better agreement with experimental data is a consequence of an even stronger deviation of the solvation entropy from the experimental data, whereas the enthalpic contribution remains almost unchanged. Therefore the good agreement of the chemical potential might be considered a lucky coincidence, and being the consequence of a compensation of errors.
Having traced the temperature dependence of the hydrophobic solvation of methane over a broad temperature interval, the fitted data allows us to reliably determine the second derivative of the solvation free energy: the solvation heat capacity c P,ex . For 298 K we find a solvation heat capacity of 195 ± 10 J K −1 mol −1 , compared to the 228 J K −1 mol −1 according to the data set of Ben-Naim 65 , and the 234 J K −1 mol −1 according to Rettich et al. 44 when transforming their data on a number density scale (see Ref. 30 for a discussion of this issue). The effect of solute polarization is found to influence the heat capacity only little. It is found to consistently lower the heat capacity of solvation by about 7 − 8 J K −1 mol −1 over the entire temperature range, leading to a value of 188±10 J K −1 mol −1 at 298 K. Again, considering the polarizability explicitly leads to a less perfect agreement with experimental data.
The presented simulation data clearly demonstrate the limitations of the currently available potential models. A combination of existing model potentials for methane does provide qualitative to semi-quantitative agreement with experimental data. Truly quantitative agreement will require further refinement of both, the solvent model and the specific solvent-solute interaction. Paschek has shown that an increasing watersolute Lennard-Jones σ will increase the heat capacity of solvation 30 . Modifications of this type will be required to over-compensate the effects introduced by the polarizability. However, the agreement with experimental data is sufficient to provide detailed insight into the molecular origin of the heat capacity of hydrophobic solvation.
Origin of the Individual Heat Capacity Contributions
Here we calculate the solvation enthalpy based on the "individual" potential energies of solute and solvent molecules using the reaction field method discussed in section 20.2.3. We are employing exactly the same procedure discussed in Reference 10 . We determine ∆E ≈ h ex from the energies of the solute molecule and energies and numbers of the water molecules in the bulk and in the hydration sphere of radius 1.0 nm. As shown in Figure 20 .4, the directly calculated data for ∆E are in good agreement with the solvation enthalpy h ex obtained from the temperature dependence of the solvation free energy. In addition, Figure 20 .4a reports a partition of the solvation energy ∆E into contributions according to the solute E solute (Solute) and the solvent ∆E − E solute (Water). The calculated excess heat capacity c P,ex of 191 J K −1 mol −1 , averaged over the entire temperature range, is dominated by the water contribution of Note that the change of sign of the methane solvation enthalpy from negative to positive at about 340 K has to be attributed essentially to the greatly enhanced heat capacity of the of water molecules in the hydrophobic hydration shell.
Being able to semiquantitatively describing the solvation properties of methane from an atomic detail model, we might be able to compute to what extent the different intramolecular forces, such as "van der Waals" and "hydrogen bonding" contribute to the heat of solvation. Therefore we divide the solvation enthalpy data into their Coulomb and Lennard-Jones contributions, as shown in Figure 20 .4b. It turns out that the large positive solvation heat capacity of methane is almost exclusively due to the Coulomb-interaction. In fact, the Coulomb-part of the heat capacity with 237 J K −1 mol −1 is even larger than the total heat capacity of solvation, which is balanced by a negative Lennard-Jones contribution of −46 J K −1 mol −1 . The strongly orientation dependent water-water Coulomb interactions of associated water molecules is what we basically consider as "hydrogen bonding" interaction. Consequently, our atomic detail simulations clearly support the "hydrogen bond view" of hydrophobic hydration.
In order to elucidate the radial dependence of the solvent contribution to the excess heat capacity, we also calculate the potential energy of the water molecules as a function of distance to the central carbon atom. Figure 20 .5b shows the change of the potential energy of the water molecules around a methane particle with respect to the bulk value as a function of temperature. To give an impression of the hydration shell, we also show the methane-water pair distribution functions (Figure 20 .5a). A rather strong temperature dependence of the potential energy of the water molecules in the first hydration shell is clearly evident. Similarly to what as been shown for other water models 10;30 , it can be seen that for lower temperatures the water molecules found in the distance interval between 0.35 nm and 0.5 nm exhibit a potential energy even lower than the bulk value. With increasing temperature this behavior is reversed and the location of the molecules in the hydration shell becomes more and more energetically unfavorable. The corresponding change in heat capacity as a function of distance to the methane particle is shown in Figure 20 .5a. Significant changes in the heat capacity are found to be restricted mostly to the first solvation shell. Those water molecules in the first hydration shell experience a roughly 20% increased (configurational) heat capacity with respect to the bulk value of about 64 J K −1 mol −1 .
On Hydrophobic Interactions
In order to quantify hydrophobic interactions, we calculate the profile of free energy for the association of two methane particles at all temperatures. Representative curves for selected temperatures are shown Figure 20 .6a. Similar to our previous studies 30 , we find that the free energy well at the contact state deepens with increasing temperature. This observation is in accordance with the interpretation that the association of two hydrophobic particles is stabilized by minimizing the solvation entropy penalty and has been reported by a large number of publications 28;29;67-74 . The pair-association is schematically depicted in Figure 20 .7: The enhanced ordering of the solvent molecules in the hydration shell provides a negative solvation entropy. When two particles asso- The contact configuration is stabilized with increasing temperatures by minimizing the entropy penalty. The prominent peak of the heat capacity at the desolvation barrier, however, indicates that localized hydration phenomena might be also important.
ciate, the corresponding hydration shells overlap, hence leading to a positive net entropy. Consequently contact-configurations should become increasingly stabilized at higher temperatures. In parallel, the increased heat capacity of the water molecules in the hydrophobic hydration shell should lead to a negative heat capacity contribution for the association of two particles, thus weakening the the entropy contribution at elevated temperatures.
From the temperature derivative of the w(r, T ) data set we obtain the entropyprofiles for the association of two methane particles, also shown in Figure 20 .6a. The entropic −T s(r) and enthalpic h(r) contributions to the profile of free energy are given. The temperature variation of the entropy profiles is quantified by the corresponding heat capacity profiles c P (r) given in Figure 20 .6b. As previously suggested by Smith and Haymet 67;68 and others, the hydrophobic association process is found to be entropically favored and enthalpically disfavored. The value of −6.0 kJ mol −1 for the entropic contribution to the profile of free energy at 300 K at the contact distance for TIP4P-Ew water is larger than the −4.14 kJ mol −1 observed for methane in the original TIP4P water reported by Shimizu et al. 28 . Figure for the entropy at very short distances to decrease with increasing temperature, whereas in the region around 6Å, at the so called desolvation barrier, the entropy increases with temperature. The overall tendency to smaller contact-entropies is in accordance with the decrease of the absolute values of the solvation entropies. The deepening of the free energy well in the contact state with increasing temperature, however, is apparently a consequence of a stronger decrease of the enthalpic contribution.
The temperature dependence discussed here can be quantified by the association heat capacities c P (r) shown in Figure 20 .6b. Shimizu and Chan 28;29;75 report for the association of methane particles in TIP4P water a change of the heat capacity for the contact state close to zero, in qualitative disagreement with expectation due to the overlapping hydration shells. In addition, they observe a maximum of the heat capacity of about 120 J K −1 mol −1 at the location of the desolvation barrier at a distance of 5.5Å. In qualitative agreement with Shimizu et al. 29;75 and Southall and Dill 76 we find a maximum of the heat capacity at the desolvation barrier in the region around 5.5Å with 50 J K −1 mol −1 , which is identical to the value reported recently for the TIP4P-model 30 . For the contact state, however, we observe a negative net heat capacity of −40 J K −1 mol −1 , significantly below zero. The observation that the heat capacity for the association of two hydrophobic particles exhibits a maximum located at the desolvation barrier has been explained recently 10 . MD simulations indicate that this behavior is the consequence of two compensating effects: On one hand the decreasing solvent accessible surface leads to a decreasing heat capacity. In addition, however, an even more strongly increased heat capacity is observed for water molecules that are located in the joint hydration shell between the two hydrophobic particles. Their heat capacity increases by about 60 % compared to the bulk 10 . This is apparently even overcompensating the effect of a reduced solvent accessible surface, just when the two methane particles are separated by about 5.5Å 10;77 . A detailed analysis of the water-water pair interactions in the different states (bulk, hydration shell, joint hydration shell of two hydrophobic particles) has revealed that the heat capacity effects can be rationalized as a counterbalance of strengthened hydrogen bonds in a state of tension (low water density) and enhanced disintegration of the hydrogen bond network with increasing temperature. The reduced number of water neighbors in different parts of the hydrophobic hydration shell can be considered similar to the situation found in (metastable) water at negative pressures 10 . Experimental compressibility data for water are indicating that the observed heat capacity effects have the same order of magnitude, as it would be expected by extrapolating the data for pure water to a density range similar to the local densities observed in the different hydration shell states 10 . Finally, we would like to discuss the apparent strength of hydrophobic effects and their temperature dependence in general. For the biophysics of proteins it has be considered essential that interactions are not too strong, thus allowing for transient conformational diversity 78;79 . It is therefore required that hydrophobic interactions are in the range of kT . Recently Widom et al. 3 have proposed a relation between the hydrophobic interaction strength of two methane particles in contact and their solvation free energy. Their conclusion were deduced from simplified lattice models, where interaction parameters were tuned to quantitatively reproduce the (experimental) free energies of solvation. The solvation entropy part has been obviously represented by the form and connectivity of the lattice. Interestingly, their calculations predicted an almost linear relation between the hydrophobic interaction c/RT of two methane particles in the contact state and the free energy of solvation µ ex /RT . This property turned out to be almost independent of the type of the lattice that was employed, and was found for the temperature interval between 273 K and 333 K and possibly also even lower temperatures. Here we show the behavior of methane dissolved in TIP4P-Ew-model water. Figure 20 .8 depicts the cavity potential for two methane particles in contact, as well as the solvation free energy for methane. All quantities are given in units of RT , as it has been suggested by Widom et al. The plot shown in Figure 20 .8c indicates that at least for temperatures sufficiently below the maximum of µ ex (T )/RT the lattice model predictions are consistent with our data. For the TIP4P-Ew model an almost linear behavior in the interval 250K and 310K is observed. We would like to point out that the slope of 0.7 observed by Widom et al. for methane is reasonably close to the value of 0.6 obtained for TIP4P-Ew water. Note, however, that the hydrophobic interaction between two methane particles observed here is even weaker than the interaction predicted by Widom et al. for the limiting case according to the Bethe-Guggenheim approximation (Z = ∞). 
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